The reinforcement of structural elements subjected to bending with carbon fiber reinforced polymers (CFRP) located on the underside of the element to be reinforced (known as near surface mounted or NSM) is an effective technique that provides environmentally sustainable solutions in the field of civil engineering. Introducing preloads on the reinforcing elements allows us to maximize the high performance of CFRPs, besides recovering deformations. A new technique to perform the pre-stressing of CFRP bars in NSM configuration is described in this paper. The technique introduces the preload on the rods after they have been placed in the grooves, and with a system that acts and reacts against the beam itself. We also present the results of a testing campaign conducted to determine the effectiveness of said technique. Breakage of the control beams (without reinforcement) was ductile, while breakage of reinforced beams was explosive. Pre-stressing the reinforcing elements allowed us to increase the bearing capacity of the beams 170% compared to the control beams, also resulting in an increase in the rigidity of the reinforced elements and a decreased cracking of the beam. The results however are only slightly better than those of a conventional CFRP NSM reinforcement, due to the appearance of cavities in the groove where the adhesive didn't manage to penetrate.
Introduction
Reinforced Concrete (RC) is one of the most commonly used materials in the design of structural elements. The life cycle of RC structures depends on several factors, which include natural catastrophes, design errors, defective quality of the materials used, poor execution, modified usage or incorrect maintenance [1] .
Despite its wide use, RC presents a serious drawback: cracking [2] . The solution to this problem is pre-stressed concrete. The pre-stressing is achieved by compressing the concrete, using tensioning steel reinforcements anchored on the concrete itself. Thus, under permanent loads and their use it is possible to avoid tractions [2] and, therefore avoid the appearance of cracks [3] .
In the search for sustainability in civil engineering, the trend has been the use of techniques that can restore structural elements that have impaired resistant capacity. The replacement of deteriorated elements of a structure is not always viable, due to high operational, economic and environmental costs [4] .
Steel has traditionally been used as a reinforcement material for RC structures. The key disadvantage of this material, when it is not adequately protected, is corrosion [5] that leads to 2.1.1. Concrete
The RC beams were fabricated with concrete that is commonly used in construction. The concrete was designed to have a characteristic strength f ck = 20 N/mm 2 and plastic consistency, without the use of additives.
The characteristics of the materials used for the manufacture of concrete were as follows:
• Cement: The cement used to manufacture the concrete was pozzolanic The actual density of the cement was determined by laboratory test [28] and the result obtained was 2.81 g/cm 3 .
The mechanical characteristics were also calculated, manufacturing standardized mortar specimens (40 × 40 × 160 mm), by means of kneading and mechanical compaction. The tests yielded a flexural strength of 6.8 N/mm 2 and a compression resistance of 35.9 N/mm 2 .
• Aggregates: The sand and coarse aggregates used were crushed siliceous. The maximum size of the aggregates was 12.5 mm. The main characteristics of the sand and gravel that composed the aggregates used were as follows:
Sand: The density of the sand was determined according to the standard [29] , obtaining a result of 2.61 g/cm 3 . The sand equivalent was calculated according to the standard, obtaining a result of 84%. The granulometric analysis was carried out according to the standard [30] . The results obtained are shown in Table A1 (Appendix A). Gravel: The density of the gravel was determined according to the standard [29] , with a result of 2.81 g/cm 3 . The results of the granulometric analysis are shown in Table A2 (Appendix A).
• Water: The water used in the mixture was drinking water from the public supply network in Madrid.
The concrete dosage was calculated using the Bolomey method. This dosage was used to manufacture all the beams and test specimens used in the tests. Its characteristics are included in Table 1 , which provides the quantities that make up a cubic meter of concrete. 3 Water / cement ratio = 0.64
Once the f ck = 20 N/mm 2 concrete was dosed, measured in a cylindrical specimen of 15 × 30 cm at 28 days, the concrete elements to be used in the different tests were fabricated beams of 120 × 20 × 10 cm.
It was necessary to make four batches and use cylindrical test pieces of 15 × 30 cm from each batch for the Abrams Cone test. The usual process was used as defined by the standards [31, 32] .
The tests carried out were used to define the mechanical parameters listed in Table 2 . The values of the characteristic strength of the concrete were determined based on article 15 of the instruction EHE-08. The characteristic strength of the materials are the quantiles corresponding to a probability of 0.05. Thus, the characteristic strength of the concrete used was f ck = 18.08 N/mm 2 .
The characteristic strength of the concrete to a tensile stress turns out to be, according to the Norm, f ct,m = 2.07 N/mm 2 and f ctk = 2.69 N/mm 2 .
The Elastic modulus was E = 30.001 N/mm 2 , and the Poisson's coefficient µ = 0.111.
Steel
All beams were manufactured using the minimum amount of steel recommended by the EHE. When subjected to a bending test, the exhaustion occurs due to exceeding the elastic limit and the plasticization of the passive reinforcement. Although there is a displacement of the neutral line towards the upper face of the beam that decreases the compression block, eventually this leads to the breakage of the structural part by the plasticization of the compressed head of the concrete. For the assembly, B500S corrugated steel of 6 mm diameter was used.
A shear reinforcement was also provided in all the beams, to ensure the strength of the beams against this shear effort. The reinforcement was made with 1400 sweet iron of 4 mm diameter.
The connection of the flexure reinforcement and the stirrups was made with a tie wire. In the laboratory, tensile tests were carried out on the steel rods, following recognized standards. We used a universal traction equipment of 60 t, UIMB-600 of Ibertest. The results of the tests are shown in Table 3 . In the present study, two different types of epoxy resins were used: Maxepox CS resin in the shear reinforcement and Maxepox Carbofix resin in the flexural reinforcement.
The maxepox resin CS consists of two components, base resin and normal hardener. An application of a primer on the prepared surface is recommended.
The proportion of the mixture by weight of the base resin and the hardener was 4 to 1. The final appearance after mixing was intense green. Tests were carried out to verify the mechanical characteristics of the resin and to verify the data provided by the manufacturer. The results obtained were the following: • Adhesion: Two prismatic mortar specimens of 10 × 10 cm cross section were used, arranged one after the other longitudinally, and separated by a 20 mm gap. A longitudinal slit was made on the underside of the specimens, in which a carbon fiber rod 8 mm in diameter, 20 cm long, was subsequently housed. The result was not conclusive, although it could be determined that the adhesion is sufficient to guarantee the transfer of loads.
The Maxepox Carbofix resin consists of two components, base resin and normal hardener. In this case, the previous application of a primer on the prepared surface was not necessary. The ratio of the weight mixture of the base resin and the hardener was 2 to 1. The final appearance after mixing was gray. Tests were carried out to verify the mechanical characteristics of the resin under laboratory conditions and to verify the data provided by the manufacturer. The results obtained were as follows:
• Flexion: 3 prismatic specimens with 4 × 4 × 16 dimensions were tested. An average result of 24 N/mm 2 was obtained.
After the bending test, the test pieces were subjected to a compression test, obtaining an average of 93.22 N/mm 2 .
• Adherence: Tests similar to those described for the MAXEPOX CS resin were performed, with similar results.
Carbon Fiber Rods
The technical characteristics of the material provided by the manufacturer are in Table 4 . 
Fiber Fabric
The technical characteristics of the material provided by the distributor are attached in Table 5 . The reinforcement material is composed of the fiber cloth together with an epoxy resin matrix, in this case the resin "Maxepox CS". The mechanical characteristics of the composite material are summarized in Table 6 . 2.1.6. Primer
A primer was used achieve a perfect surface finish prior to the introduction of the shear reinforcement. The main mechanical characteristics of the primer provided by the manufacturer are summarized in Table 7 . 
Testing Campaign
For the development of the experimental plan, 9 reinforced concrete beams were built at a reduced scale (20 × 10 × 110 cm).
The beams were divided into three batches to statistically contrast the results. The distribution of the batches was as follows: Once the characterization of all the materials was carried out, the beams of batches B and C were reinforced.
Beams Manufacturing
A total of 9 RC beams were produced with scaled dimensions of 10 × 20 × 120 cm. The scaling factor used was 2.4, and the goal was to be able to handle the beams without the help of heavy mechanical equipment.
A longitudinal and transversal reinforcement was installed in all the beams, as shown in Figure 1 . The following figure shows the geometry of the section of the tested beams; of special relevance is the coating of 1 cm of the reinforcements. The said coating had to be thick enough to allow for the installation of the NSM reinforcements, as shown in Figure 2 . A summary of the main characteristics of the beams used in the theoretical calculations is included below: Once the characteristics and dimensions of the beams were designed, we proceeded to manufacture the formwork, carry out the assembly of the steel reinforcements, and then complete the making and pouring of the concrete, the demolding process, and the curing process.
The curing and preservation of both the cylindrical test pieces and the beams was carried out in a humid chamber at a temperature of 20 ± 2 • C and a relative humidity greater than 90%, following the specifications of the standard [31] .
The 9 fabricated beams were divided into three batches of the same size, in order to compare the results.
Beam Reinforcement
A theoretical analysis was made to design the reinforcements, taking as a starting point the moment of exhaustion of the section in non-reinforced beams. Based on previous work [16, 19] the moment of exhaustion of the passive reinforcement and the moment of exhaustion of the compression concrete was determined. The difference between these two moments constitutes the maximum reinforcement that can be introduced efficiently in the beam, in such a way that both failure mechanisms occur simultaneously. Studying the failure modes, it was concluded that reinforced beams would undergo shear failure [17] . In order to achieve a flexural fracture and to be able to quantify the effects of the reinforcement introduced, the beams were reinforced against shear stresses, by incorporating rings of carbon fiber fabrics glued with epoxy resin in the critical sections.
The results of the theoretical analysis were the following: CFRP rods of 8 mm in diameter were available as flexing reinforcement elements. The technique developed to introduce an active load in the reinforcement requires that the number of rods be even, so that finally two reinforcing rods were placed in each of the beams of batches B and C.
The tensile load necessary to balance the resistant capacity of the compressed concrete block was 118 KN and the two CFRP rods used can support up to 200 KN, although with a deformation higher than 10‰. When dimensioning the passive and active reinforcement, the deformation diagram proposed by the EHE-08 was adopted, introducing a new pivot point R that represents the deformation of the reinforcement.
Passive reinforcement (Batch B)
This batch was reinforced for flexing with two rods of CFRP per beam, arranged longitudinally on the traction face, as shown in Figure 3 . The reinforcement pivot point R is introduced in the diagram of deformation domains. A point for a depth of 9.4 cm from the compressed face corresponds to 3.55‰ of deformation.
When point R is located at 4‰ (slightly higher than 3.55‰), steel exceeds 2.5‰. The behavior of the beam is of cracked elastic type, which produces a displacement towards the upper face of the neutral axis. The position of the neutral fiber and the resistant momentum in this situation was then established.
Active reinforcement (Batch C) Batch C was reinforced against flexing stress with two rods of CFRP per beam, in which a preload was introduced. The procedure used is described in Section 5 of this article.
When reinforcing a beam in service, the goal of introducing a pre-load on the reinforcement should be mainly to eliminate the initial service arrow and reduce the deformation of the passive steel, transferring the stress to the reinforcement. It is theoretically proposed to deform the reinforcement in a proportion similar to the admissible tensile stress of concrete f ct = 2.73 N/mm 2 , which requires a force of 13.6 KN, with a deformation of 9 10 −4 .
Shear reinforcement
Previous studies suggested that the failure mechanism of flexion reinforced beams would be through shear stress [17] . In fact, flexural failure was estimated to occur with loads that would generate shear forces of 30 KN, much higher than those tolerated by the beam. An objective of the investigation was to study the behavior of the reinforcement in flexion, hence the beams were reinforced against shear stresses.
Flex Testing
Flex testing was carried out to study the behavior and failure modes of the beams. The central portion of the beams was subjected to a pure bending moment, and the two lateral thirds undergone a bending moment that varies linearly and a constant shear stress [17] . The points of application of the load were of special interest for the study, because they simultaneously experienced the maximum shear and bending forces. The scheme of loads is shown in Figure 4 . The load was introduced by means of a hydraulic jack operated by a press. The load was distributed by means of loading pins in two points as per the figure above, with an approximate speed of 0.5 kN / s. Short steps of load were made to control the cracking.
Results and Discussion
The results obtained in the tests for beams without reinforcement (Batch A), beams with passive reinforcement (Batch B) and beams with active reinforcement (Batch C) are presented and discussed below.
Beams without Reinforcement (Batch A)
The experimental results were as expected. This finding corroborated the theoretical approach and the formulas used were correct.
The initial behavior of these beams was that of a homogeneous section, with the first cracks appearing with a load close to 6 KN. When the load went up to 10 KN, the cracks in the central portion of the beam became more evident with a vertical configuration, which indicated that the neutral axis moved upwards and the behavior of the beam was no longer homogeneous but elastic. In the load-deflection diagram (measured in the middle section of the beam), the change from homogeneous to elastic behavior can clearly be observed. It can be said that the end of the elastic phase is the one that corresponds to a load of approximately 20 KN, in line with the theoretical model proposed. As the load kept increasing and the compressed block continued to be reduced, the first shear cracks appeared. It should be noted that the beams of Batch A did not have shear reinforcement. Finally, all beams underwent ductile failure for loads between 25 KN and 27 KN.
Beams with Passive Reinforcement (Batch B)
The behavior of these beams was different from that observed in batch A, highlighting an increase in rigidity which resulted in a lower deflection for similar loads. The theoretical load was calculated for a deformation of 4 ‰, with which an arrow was obtained in the center of the span of approximately 6.5 mm during the tests. The three beams had a similar behavior up to the load of 40 KN, at which point the discrepancy introduced by the greater length in the anchors of the flexing reinforcements of Beam 4 becomes apparent.
Beams with Active Reinforcement (Batch C)
All the beams of Batch C had an elastic behavior until the moment of failure, which was produced by shear stress.
The results obtained with the tests of beam V-7 were satisfactory: there was a substantial reduction in the cracking and the arrow in the center of the span in the first loading steps, in comparison with the beams of batches A and B.
It must be noted however that upon close examination of the broken section it was observed how the epoxy adhesive had failed to fully penetrate the groove, probably due to its high viscosity. As a result, the rod was not fully embedded in the adhesive, which may have limited the effectiveness of the reinforcement. Table 8 shows the empirical and theoretical results of the different batches tested: From the above figure it can be clearly seen the influence of the reinforcement that was introduced. However, there doesn't seem to be a significant difference between beams 4 and 7. Upon visual inspection of the beams after the tests were carried out, it could be observed that the prestressing of beam 7 was somewhat defective: since the epoxy adhesive, which presented a high viscosity, was put in the grooves after the rods, it had difficulties filling all the empty space between the grooves and the rods. This could have been easily solved by placing the adhesive before the rods in the grooves. As a result, only a partial bundling of the presetressed rods and the RC was achieved.
Comparative Results of the Flexural Tests of the Three Batches

Conclusions
Reinforcements with prestressed CFRP in NSM configuration is a thriving research field. However, the introduction of preloads on the reinforcement is a complex task, and the majority of the studies carried out so far use methods that act and react against external elements. This paper proposes and tests a method that introduces the preloads on the bars after they have been mounted on the RC beam, acting and reacting against the beam itself.
According to the theoretical and experimental results obtained, the main conclusions are as follows:
•
The introduction of preloads in reinforcement improves the mechanical behavior of the beam, thus making more efficient use of the characteristics of the reinforcement material. The active reinforcement supposes an increase of 170% of failure load with respect to the control beam.
The introduction of preloads in the flexion reinforcement is complicated. Although it has been possible to achieve conditions close to those of a working site in the experiments, it will be necessary to improve the injection technique of the structural adhesive, to eliminate the cavities that appeared during the tests in beams from Batch C.
Future research could test the method proposed in this paper, adapting it in order to ensure the absence of cavities in the grooves made in the RC beam. This could allow determining to what extent the prestressing introduced improves a passive reinforcement. Also, theoretical formulas to predict the results of the reinforcements introduced with this technique could be developed.
Patents
This section describes the pre-stressing technique for NSM rods that has been developed, patented and tested.
Other authors have developed NSM rod pre-stressing techniques under laboratory conditions. These studies highlight the practical difficulties that arise when carrying out a reinforcement of this type [18, 20, 22, 23] . The main drawback that has been identified is access to the ends of the beam to be reinforced. Ingenious solutions were designed to overcome this drawback, but they still presented serious drawbacks such as low productivity, the difficulty of accurately determining the load introduced into the bars and above all implementation outside the laboratory.
We developed an original system designed to overcome some of these problems. The procedure has been patented under the title "Method and system for tensioning rods applied to the reinforcement of structural elements". It can be applied for both flexural and shear reinforcement of RC structures.
The method consists of several stages, some of them similar to those of an ordinary NSM reinforcement:
1.
The process begins by producing superficial straight cuts in the structural element of RC, with a depth equivalent to the shear and torsional stirrups, and the help of a radial tool. The symmetry has to be kept in line with the longitudinal axis of the structural element to be reinforced; in this case the longitudinal axis of the beam, as shown in Figure 6 . 2.
Next, the FCRP rods are placed inside the cuts, together with load distribution elements (metal plates or similar) at each end, which will distribute the load received during the introduction of the pre-loads and thus avoid damaging the concrete, as shown in Figure 7 .
3.
A reaction element against which a traction system can push is put in place, as shown in Figure 8 . Such an element must be very rigid and with perforations or grooves that are crossed by the FRP rods.
4.
The anchoring of the ends of the rods to immobilize them is achieved by means of a passive anchorage at one of the ends, and an active anchorage at the other end. They rely on the adhesion developed between the epoxy resin and the reinforcement rod. The anchor length is determined as a function of the pre-load that is intended to be introduced. In the first method, epoxy resin is injected into a copper tube of a diameter larger than the diameter of the FRP rod, placed perfectly centered at one end of the rod. 5.
After the rods are fixed, a traction system is placed, which can be a hydraulic jack or similar, as shown in Figure 9 . Once balanced, the load begins to be applied, until the desired traction is obtained. Ideally the jack would have a pressure gauge to determine the preload introduced into the rods.
6.
To avoid the loss of load due to the relaxation of the traction system, it is preferable to immobilize the traction system and the pushing element against which the traction system pushes. This is achieved by placing at least one supplement that immobilizes the reaction element. In this way it is also possible to remove the traction system without the rods losing the load that has been introduced. In the tests carried out some wooden blocks were used, although certain load losses were recorded. 7.
Finally, the tensioned rods are glued along the entire connection to the structural element of concrete. For instance, epoxy resin can be used, by pouring it in the grooves in which the rods are located, and trying to completely fill the cuts made. Alternatively, it would also be possible to pre-fill the cuts in the structural element to be reinforced before placing the rods, to improve their filling. 8.
When the resin hardens, all the auxiliary elements (anchoring systems, load distribution plates, reaction system) can be removed. It will also be necessary to cut the protruding rods at both ends. Step 2 of the proposed prestressing process.
Figure 8.
Step 3 of the proposed prestressing process. Figure 9 . Diagram of the proposed system for the pre-stressing of NSM rods in a flexural reinforcement with all its elements in place.
The system described above can easily be replicated under laboratory conditions, but may present some challenges outside the laboratory. In real situations it might be necessary to adapt the method and introduce some modifications, as shown in Figure 10 for instance. 
